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Abstract
Three body decays can exhibit CP violation that arises from interfering diagrams with different
orderings of the final state particles. We construct several momentum asymmetry observables
that are accessible in a hadron collider environment where some of the final state particles are not
reconstructed and not all the kinematic information can be extracted. We discuss the complications
that arise from the different possible production mechanisms of the decaying particle. Examples
involving heavy neutralino decays in supersymmetric theories and heavy Majorana neutrino decays
in Type-I seesaw models are examined.
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I. INTRODUCTION
The Large Hadron Collider (LHC) experiments are accumulating data at an exceptional
rate. They will hopefully make groundbreaking discoveries of new particles that will alter our
picture of physics at the TeV scale and beyond. In order to fully appreciate the consequences
of these results, the properties of all of the new particles must be determined. A lot of
effort has been spent devising ways to determine the masses (see e.g. [1–13]) and spins (see
e.g. [7, 14–23]) of particles at the LHC and such analyses will surely be the first on our road
to understanding any new physics. Once a large amount of data is accumulated and these
properties are at least somewhat understood, the next step is to determine more challenging
properties such as couplings, flavor structure, and CP violating phases. The determination
of the latter has recently attracted increased attention [24–34]. In this paper, we study new
techniques which can make the direct observation of CP violation at the LHC feasible.
With complete generality, CP violation arises when there are complex phases in the
Lagrangian that cannot be rotated away by field redefinitions. We call such phases CP-odd
phases and the goal is to measure them as accurately as possible. Given a new CP-odd
phase, we can find a sensitive process and construct a CP-violating asymmetry
ACP = N −N
N +N
, (1)
where N and N are the number of observed events from the process and its CP conjugate
respectively. Observation of ACP 6= 0 requires interference between amplitudes with different
CP-odd and CP-even phases. The CP-even phases, which do not change sign under CP, can
arise from the dynamics of the process. Note that if the momenta, and possibly the helicities,
of the final state particles can be determined, then it is possible to avoid the condition of
requiring amplitudes with different CP-even phases by looking at triple product asymmetries
(see e. g. [26, 35–43]).
In Ref. [31], a new source of CP-even phases was introduced. It arises in three-body
decays that can proceed with two different final state orderings via an on-shell resonance
having a finite width. In particular, a toy model involving only scalars was considered. The
process studied was the decay X00 → X±1 X∓2 X03 via a resonance Y ± as illustrated in Fig. 1.
The weak phase arises from the couplings of Y ± to the outgoing particles. The novelty is in
the CP-even phase that arises from the different virtuality of Y ± in the two diagrams. Thus,
once the width of Y ± is taken into account a differential CP asymmetry can be generated
AdiffCP =
dΓ/dq213dq
2
23 − dΓ/dq213dq223
dΓ/dq213dq
2
23 + dΓ/dq
2
13dq
2
23
. (2)
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FIG. 1. Example of diagrams corresponding to amplitudes with different orderings.
This asymmetry is accessible via a Dalitz plot analysis. While the CP asymmetry constructed
in this scenario can be large when considered at specific points in phase space, the asymmetry
in the total number of events suffered a suppression when the final state particles 1 and 2
are nearly degenerate. This suppression could be eliminated by applying a phase space
weighting, which amounted to constructing the asymmetry
APS wgtCP =
(
N(q213 > q
2
23)−N(q213 < q223)
)
−
(
N(q213 > q
2
23)−N(q213 < q223)
)
N +N
, (3)
where q2ij = (pi + pj)
2. Still, the major practical problem with this method is that in many
cases, such as when the events contain missing energy, some of the final state particles are
not detected and these asymmetries cannot be reconstructed. Additional complications arise
when the particles involved are not scalars. In particular, since CP violating observables are
sensitive only to interference terms, it is possible to incur chiral suppression in observables.
This restriction places non-trivial limits on the set of observables sensitive to new CP-odd
phases.
In this paper, we generalize the results of [31] in several ways. We explore alternative
observables based on momentum asymmetries which are applicable in cases where X03 escapes
detection. We also study the conditions under which the chiral suppression can be reduced
and discuss the prospects for observing CP asymmetries in supersymmetric models. Finally,
we generalize the observable to the case where there are two different intermediate particles.
As an example, we consider CP violation in decays of a heavy neutrino species via W and
Z bosons.
The main observation is as follows. When all the kinematic information is available,
momentum asymmetries can probe CP violation. The main problem is that, in realistic
scenarios, some kinematic information is not available generically, and in particular, there
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is in general a large boost so that the rest frame of the decaying particle cannot be recon-
structed. We overcome this problem by showing that pT asymmetries are also sensitive to
CP violation. More generally, as long as we can find a direction where the boost is small (or
known) we can construct an asymmetry that can be used to probe CP violation.
The rest of this paper is structured as follows. In section II we introduce the momentum
asymmetry and discuss its general properties. Section III is devoted to a detailed survey of
observables related to this momentum asymmetry. Three different production mechanisms
for the decaying parent particle and their consequences are discussed in detail. In section IV
we analyze the impact of non-zero particle spins on the asymmetries in question. We study
a supersymmetric example for concreteness. In section V we generalize our study to the case
where the interfering diagrams are mediated by different intermediate resonances. A concrete
example is given by weak-scale Majorana neutrino decay. In section VI we summarize our
results and give a brief outlook.
II. MOMENTUM ASYMMETRIES: GENERAL PROPERTIES
To get a handle on the possibilities and set a common notation, we introduce a minimal
toy model that highlights our observables. The toy model is similar to that in Ref. [31]. The
model contains scalar particles X00 , X
±
1 , X
0
3 and Y
± charged under a U(1) symmetry, with
no additional symmetries. We will assume that X1 and X3 are massless, with the remaining
masses:
m0 ≡ mX0 , m ≡ mY , m0 > m . (4)
The interactions are given by
− Lint = aX00X+1 Y − + bX03X+1 Y − + h.c. , (5)
allowing for the decays X00 → X±1 Y ∓ → X+1 X−1 X03 . In general there is a relative phase
between a and b, which we define as φab = arg(ab
∗). Any CP asymmetry that we construct
depends on it, and scales as sin 2φab.
Eventually, we will need to assume some production mechanism for X00 , but we defer a
complete discussion of production to later sections. The decay that we consider is illustrated
in Fig. 2. Under the assumption of massless final state particles, CP asymmetries in this
decay depend on only two parameters in addition to the phase φab:
mˆ ≡ m
m0
, Γˆ ≡ Γ
m0
. (6)
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FIG. 2. Diagrams for the decay of X0 in the toy model.
Here Γ ≡ ΓY is the width of the intermediate particle Y ±. The overall scale m0 is only
relevant when we consider production in addition to decay.
This toy model has the feature that, after integrating over phase space, the decay X00 →
X+1 X
−
1 X
0
3 is self-conjugate under CP. Thus, the counting experiment asymmetry of eq. (1)
vanishes trivially if N is just the total number of events. On the other hand, we can construct
an asymmetry like that in eq. (3). This asymmetry is generally non-zero and we will call this
the ideal asymmetry, since all the effects that we discuss below suppress it. If the kinematics
of the decay can be reconstructed, then the strategy for looking for CP violation is now clear:
use the full knowledge of the decay to construct the ideal asymmetry.
We would like to choose some benchmark parameters to study since the analytic expression
for many of the observable we will discuss below are complicated and unilluminating. The
width Γˆ cannot be too large or else the Breit-Wigner approximation breaks down. (While the
breakdown of the Breit-Wigner approximation affects the formulae and quantitative results
for the CP asymmetry, the qualitative result is unaffected.) On the other hand, it cannot be
too small or else the asymmetry becomes suppressed, as it is proportional to Γˆ in the limit
Γˆ→ 0. We thus choose a large, but not too large value of Γˆ. For mˆ we found that the effects
are largest around mˆ = 2/3, when the relevant interference region lies inside the physical
phase space (Dalitz plot). The dependence of the ideal asymmetry (3) on the two parameters
Γˆ and mˆ is shown in Fig. 3. We choose a maximal CP violating phase. To summarize, the
parameters we choose are
mˆ =
2
3
, Γˆ =
2
30
, φab =
pi
4
. (7)
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FIG. 3. The ideal asymmetry (3) as a function of Γˆ for fixed mˆ = 2/3, and as a function of mˆ for
fixed Γˆ = 1/10 mˆ.
It is instructive to present the asymmetries in term of momentum asymmetries. Working
in the X0 rest frame, we have
q213 = (p0 − p−)2 = m20 − 2m0pRF− , q223 = m20 − 2m0pRF+ . (8)
Thus, for the case we are considering, eq. (3) can be reduced to
ARFCP =
N(pRF− > p
RF
+ )−N(pRF+ > pRF− )
N
. (9)
The ideal asymmetry is in this way written as a momentum asymmetry. For our choice of
parameters, eq. (7), we find
ARFCP = 0.405 . (10)
The practical problem is that the ideal observable cannot be measured in hadron collider
experiments. There are three sources of suppression that can enter the determination of
a realistic observable: loss of kinematic information, combinatorics, and energy smearing
effects. We discuss each of them in turn.
The most difficult source of suppression to deal with is that of kinematic information
loss. If all three particles in the decay can be measured, then there is no issue and the
ideal asymmetry (9) can be measured up to energy smearing. In what follows we make
the assumption that the neutral particle X03 is stable and escapes the detector. In this
case, it is not possible to reconstruct the rest frame momenta of the charged particles on an
event-by-event basis. New observables will need to be devised to make use of the available
data.
Energy smearing due to detector resolution can be a large effect if the detector resolution
is not sufficient to probe the width of the resonance. In Ref. [31], the largest asymmetry
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was seen to come from a region of phase space of order Γ away from the point where both
resonances are on shell. If the resolution is insufficient to distinguish momenta in this region,
then there will be a suppression of the net asymmetry.
Combinatorics causes a suppression if we cannot correctly determine which particles came
from the same mother particle. In that case, the best that we can do is to calculate observ-
ables using all possible combinations of momenta. When the momenta forming the observable
have small correlation, as will be the case for certain variables, there will only be a small
suppression. On the other hand, this can be a non-trivial effect in some cases and needs to
be taken into account.
We now examine ways to approximate (9) in three scenarios within the confines of a
realistic detector scenario.
III. SURVEY OF OBSERVABLES
To make progress at this point we must assume a production mechanism for the mother
particles in a collider environment. There are three possibilities which we will discuss in
turn: resonant production, pair production, and production via decay. A fourth possibility,
associated production, generally works similarly to pair production and we do not discuss it
separately.
The goal in studying each of these scenarios is to best reproduce the ideal asymmetry
(9). It will not be possible to obtain quite so large an asymmetry in realistic scenarios, but
we will demonstrate that the suppressions due to energy smearing, combinatorics, and lost
kinematic information can be overcome and viable observables can still be constructed.
Since the lower energy runs of the LHC are unlikely to generate enough statistics to
perform precision studies, we consider proton-proton collisions at 14 TeV throughout. All
collider results are obtained using events generated by MadGraph5 [44]. The model input for
MadGraph was generated using FeynRules 1.6.0 [45]. The events are studied at parton level
with no cuts unless otherwise specified. We generated only signal events and our sample size
is 105 events, which leads to a statistical uncertainty of order few per thousand. Once we
consider collider observables, the mass of the X0 particle becomes relevant. Throughout this
section, we assume m0 = 400 GeV with all other relative masses as in Section II.
A more realistic analysis including initial and final state radiation, showering and
hadronization effects and full detector simulation is beyond the scope of our analysis,
given that we focus mainly on an unrealistic toy model. These effects generally give rise
to a further smearing of particle momenta and cause additional combinatoric uncertainties.
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While a fully realistic simulation should take these effects into account, we do not expect
them to have a significant impact on our results as we found the effects of energy smearing
and combinatorics to be rather small.
A. Resonant production
The simplest possibility is that the mother particle is produced as a resonance. To study
this case, we add a vertex
L ⊃ −λX00qq′ , (11)
and we analyze the process
pp→ X00 → X+1 X−1 X03 . (12)
In this case, the X03 is not detected and its momentum cannot be determined without
further information about the spectrum of the model. We can, however, approximate the
asymmetry (9) using information from only the X1 particles. In the parton center of mass
(CM) frame, X00 will be produced at rest. The boost from the parton rest frame to the
proton rest frame is to very good approximation longitudinal, so any transverse variables
can be compared on an event by event basis. Thus, we are led to examine a pT asymmetry
[26, 46]
ApTCP =
N(pT,− > pT,+)−N(pT,+ > pT,−)
N
. (13)
Using our representative numbers, eq. (7), we find that the asymmetry of eq. (13) is given
by
ApTCP = 0.209 , (14)
indicating a suppression of about a factor of 1/2 compared to eq. (10). The result is consistent
with a numerical calculation in the rest frame of the X0.
If we attempted to consider an asymmetry using the full momentum of the charged
particles, then the information in the z direction would be washed out by the longitudinal
boost. The momentum asymmetry
ApCP =
N(p− > p+)−N(p+ > p−)
N
, (15)
should be comparable but smaller than eq. (13). This is indeed what we find:
ApCP = 0.140 . (16)
The amount of suppression is related to the longitudinal boost. We check this dependence
by varying the mass of X0, and plot the amount of suppression due to the boost in Fig. 4.
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FIG. 4. The ratio R of the asymmetry in the lab frame, eq. (15), to that in the restframe, eq. (14),
as a function of m0. mˆ, Γˆ and φab are kept the same as in eq. (7). Left: We keep the width to
mass ratio fixed. Right: We keep the width fixed.
There is only one possible choice for combinatorics in this situation, so we next discuss
detector resolution effects. Ultimately the charged particles X1 will have to be well measured
if they are to be charge tagged. In the SM, the stable particles that can be charge tagged
are the leptons, so for concreteness we take the energy smearing to be that of muons at
CMS [47]. We can parametrize the resolution by the approximation:
∆pT
pT
= 0.08
pT
1 TeV
⊕ 0.01 . (17)
On the other hand, the width of Y in this scenario is ΓY ≈ 27 GeV, using (7) and m0 =
400 GeV. The smearing is much less than the width for pT . 500 GeV, which covers almost
all of the generated events. Smearing is thus expected to be a negligible effect in this scenario
and we have verified that this is indeed true using our generated events.
Using transverse momentum asymmetries, we have constructed an observable that is
suppressed by only a factor of about a half compared to the ideal asymmetry in the case of
resonant production. The observables that we will study in the remaining cases will work
on a similar principle: we find variables that are almost invariant under boosts in a relevant
direction.
B. Pair production
The case of pair production is similar in many respects to the case of resonant production,
yet there are a few key differences. The asymmetry we would like to consider is still eq. (13).
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The reason is that the pair of X0s will typically be produced near threshold and thus the
boost in the transverse direction is not large enough to wash the effect away. Yet, the
production is not exactly on threshold and there is some significant boost in the transverse
direction. This implies the breakdown of the assumption of zero transverse momentum that
we used in the resonance production case. In addition, there are also combinatoric effects,
but, as we will argue, they are small.
We consider production via a neutral scalar S, that is, pp→ S → X00X00 . We assume that
S has a mass of 120 GeV and that it couples both to quarks and to X00 s in a way that does
not violate parity. We also let X00 be much heavier than S at 400 GeV. This assumption
ensures that the X00 will be produced close to threshold. The particular choice of masses
should not have a large effect on the general conclusions reached in this section.
The most significant new effect is due to the transverse momentum of the X00 . This will
tend to wash out the asymmetry by a factor proportional to the typical transverse energy
of X00 . For the choice of parameters we have made, the average pT of X
0
0 is about 200 GeV,
which is comparable to the mass scales of the system.
We present the results of the calculation of the asymmetry in three ways. In the first
instance, we use Monte Carlo information to correctly associate the charged particles with
each other and do not apply any smearing, and we obtain
ApTCP = 0.127 . (18)
The suppression in this case is entirely due to the fact that the X0 is not exactly at rest in
the transverse direction.
The effect of combinatorics should be taken into account next. It will, however, be small
due to the fact that the majority of the asymmetry is generated from the difference in
the average pT of the X
+
1 and X
−
1 . The correlation on an event-by-event basis is small.
The points that exhibit such a correlation are close to the edges of phase space where the
differential rate is small. This fact is illustrated in Fig. 5 using the illustrative case of resonant
production. Even wrong pairings will on average exhibit an asymmetry nearly as large as
the correct pairings. After including combinatorics, we obtain a result that is consistent with
eq. (18) within uncertainties, confirming that correlations between the pT of positively and
negatively charged particles are negligibly small in this case.
Smearing is expected to be a negligible effect in this case as well and we have verified
that this is the case. Thus, the overall suppression in the case of pair production is not too
large. The total suppression compared to the ideal asymmetry is a factor of about 1/4.
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FIG. 5. Left: The pT distribution of X
+
1 (yellow) and X
−
1 (blue) with the overlap in purple. Right:
The pT distribution of X
+
1 and X
−
1 . Blue corresponds to a small fraction of events, while red
corresponds to a large fraction of events (up to a maximum of 1.7 % of events).
C. Production via decay
For production via decay, the situation can be more complicated. We consider one of the
simpler possibilities. On top of the particles in the pair production model, we introduce two
more scalar particles Φ and φ. We introduce couplings such that Φ are pair produced in the
process pp→ S → ΦΦ. Then, Φ decays to φX0 and X0 decays as in the previous cases. We
assume that Φ has a mass of 1 TeV and that φ is massless.
We open up a new possibility here, since Φ and φ may be colored. This provides a way
to get an enhanced production cross-section. On the other hand, the momentum resolution
for the resulting jets is worse, which will cause a manageable suppression of the asymmetry,
as we discuss shortly.
In general, the momentum of X0 will be correlated with the momentum of Φ. If Φ is
sufficiently boosted, then the momenta should align to good approximation, just as the
momentum of the X0 aligned with the beam axis to good approximation in the previous two
cases. We can then consider the momentum of X0 particles transverse to the axis defined
by the momentum of Φ. Since we cannot determine this axis exactly, we can approximate it
by taking it to be the axis defined by the momentum of the light particle φ that also comes
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out of this decay. We thus define the momentum
pT,ij ≡ |pi × pj||pj| (19)
and the asymmetry in this variable
AφTCP =
N(pT,−φ > pT,+φ)−N(pT,+φ > pT,−φ)
N
. (20)
The suppressions relative to the ideal case occur in a similar fashion to the previous two
cases, with the main suppression being due to the fact that this transverse momentum is
not quite invariant under the relevant boosts of X0. In this case, however, combinatorics
may be a larger source of suppression since we now must match the charged particles with
the correct φ. Unlike in the case of pair production, there is significant correlation between
the momenta of the φs and the corresponding X1 momenta. Furthermore, if φ is taken to
be colored, smearing will also cause a non-trivial suppression. To take this into account, we
use the jet energy resolution at CMS [48] to smear the momenta of the φ. We parametrize
the resolution as a function linear in the logarithm of the jet pT such that for pT = 10 GeV,
the resolution is 16 % and for pT = 2 TeV, the resolution is 4 %. The results for our choice
of parameter are
AφTCP = 0.122 (21)
when combinatorics and smearing are included.
This concludes our tour of the possible production mechanisms for the mother particle
X0. Without using relatively complex kinematic constructions, we cannot fully reconstruct
events and examine the ideal observable. We can, however, construct alternative observables
that have relatively small suppressions. These observables rely on the approximation that
the X0 is produced with small momentum transverse to some axis.
D. Comparison with triple product asymmetries
Here we compare our new observables to another class of observables, triple products.
Such observables arise in a Lorentz invariant way from contraction of the Levi-Civita sym-
bol with four independent four-vectors, that is µνρσp1µp2νp3ρp4σ. A general triple product
observable is then defined by
AT.P.CP =
N(µνρσp1µp2νp3ρp4σ > 0)−N(µνρσp1µp2νp3ρp4σ < 0)
N
. (22)
If all of the p vectors are momenta, then this observable is P-odd, so that for it to be
CP-violating, it must be C-even. In other words, all of the final state particles must be C
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invariant or C must interchange exactly two pairs of particles. If these conditions are not
satisfied, more complicated observables involving the triple product can be constructed. It
is important to note that epsilon contractions of this form always come with a factor of i in
field theory and that this factor does not change sign under CP. This i acts as a maximal
pi/2 CP-even phase, generally giving triple products an advantage over other CP-violating
observables in weakly coupled theories: they do not have to have an additional source of
CP-even phase. If a triple product can be constructed, then it will typically be favorable to
do so. On the other hand, in order for such an observable to be relevant, there need to be
four independent four-vectors from which we can construct a CP-odd contraction. In the
case of resonant production, we are considering a 2→ 3 scattering process, where incoming
partons collide to produce the three particles X+1 , X
−
1 and X
0
3 . Thus, we only have three
independent final state momenta with which to construct our observable in principle and
cannot form a non-vanishing triple product [49]. We expect momentum asymmetries to be
the only ones sensitive in cases where the CP-violation occurs in a 3-body decay where the
final state is stable and helicities cannot be measured.
If the final state particles can decay, then the momenta of the decay products provide
information about the helicity of their mothers and give a new set of correlated four-vectors.
Similarly, if the helicity can be measured, there are enough four-vectors to construct a triple
product. If the production violates P or CP, then it is possible to construct a CP-violating
observable using triple products. In the case of parity violation, the production is now
correlated with the helicity of the mother of the three-body decay, the analogue of X00 , and
allows for a non-trivial triple product. In the case of CP violation, it becomes unclear what
phase is being measured, as it will really be a combination of the production phase and the
decay phase.
IV. SPIN AND MOMENTUM ASYMMETRIES
In general, spin is not expected to play a significant role in determining the size of the
asymmetry. On the other hand, states with different helicity are distinguishable quantum
states and do not interfere with one another, leading to effects on the interference term
crucial to CP violating observables. If the couplings of the theory exhibit a chiral structure,
then observables can face a significant suppression.
To see this in practice, we consider our toy model with the following modification. We let
X0, X1 and X3 now be fermions, while keeping Y a scalar. We further suppose the following
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FIG. 6. Diagrams for the decay of a fermionic X00 . Note the different spin structures.
interaction Lagrangian:
− L = λ1Y +X00PLX−1 + λ2Y +X03PLX−1 + h.c. , (23)
where PL is the left-chirality projector. The decay of X0 is mediated by the trivially dif-
ferent diagrams illustrated in Fig. 6. The helicity structure of each decay is fixed by the
chiral structure as indicated by the listed helicities. The problem is now clear: there is no
interference because the two diagrams have different helicities of the X0 and X3.
For massive fermions, chirality is not the same as helicity and an interference term can
be generated but the CP asymmetry will suffer a chiral suppression by the mass of the
X3 compared to the X0. Explicitly, the helicity-summed interference term in the squared
amplitude is given by
(|M|2)int = 2Re
[ −λ∗21 λ22m0m3 p+ · p−
(q223 −m2 + iΓm)(q213 −m2 − iΓm)
]
. (24)
Note that m0 and m3 have to be Majorana masses, as the direction of fermion flow has to
be reversed together with the chirality.
Up to phase-space effects, the rate of X0 decay in this mode is set by the scale m0. To
get a maximal CP-violating asymmetry, we would like to then have m3 ∼ m0. On the other
hand, the region of parameter space where this relation is true, in addition to being quite
small and non-generic, is precisely the region where the full rate of X0 → X+1 X−1 X3 faces a
phase-space suppression. We conclude that CP-odd observables of the sort we are studying
will always face suppression when the couplings involved in the decay are chiral. There
remain many spin configurations that do not suffer such a suppression. In addition to cases
where the decay vertices are vector- or pseudovector-like, any situation where the neutral
particles are bosons are not in danger of chiral suppression.
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FIG. 7. Feynman diagrams for the CP-violating decay of a heavy neutralino in a supersymmetric
example model. χ0i is the ith neutralino. µ˜ is a smuon.
To see how much of an issue this is, we briefly discuss the possibility of observing CP-
violation in supersymmetric decays. In particular, we would like to consider pair production
of heavy neutralinos and the decay illustrated in Fig. 7. If the smuon is entirely left-handed,
then the couplings are exactly the SU(2) and U(1) gauge couplings, up to a CP-violating
phase due to the phases of the gaugino masses. The only physical phase comes from the
combination M1M
∗
2 .
This particular decay, like most in weakly coupled theories, faces an additional challenge:
the CP-violating asymmetries are all suppressed by the small width of the intermediate
resonance, in this case the smuon. This suppression combines with the chiral suppression to
give a very small ideal CP-violating asymmetry
ARFCP = 0.010 , (25)
where we assume a maximal CP-violating phase, no neutralino mixing and a mass spectrum
of mχ02 = 300 GeV, mµ˜ = 250 GeV, and mχ01 = 200 GeV. This is likely too small to get a
significant measurement at the LHC.
We would like to mention in passing that it is possible to overcome the chiral sup-
pression even in case of chiral fermion couplings. One example are decays of the type
X+0 → X+1 X+2 X−3 , where one would simply construct a standard charge asymmetry. An-
other example is discussed in more detail in the next section.
V. DIFFERENT INTERMEDIATE RESONANCES
In this section, we explore the possibility of expanding our observable to the case where
there are additional diagrams with new resonances. If the resonances have the same quantum
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FIG. 8. Feynman diagrams leading to CP-asymmetry in the decay of N1 with different resonances.
numbers, then this precisely describes CP-violation from mixing. Depending on the value of
the mixing parameters ∆m and ∆Γ, the CP-even phase will arise predominantly from either
the absorptive or dispersive part of the mixing matrix. We do not discuss this possibility
further.
Another possibility is that the two resonances have different quantum numbers. As an
example, we consider the Standard Model extended by a right-handed heavy Majorana
neutrino N1, having mass at the weak scale and zero hypercharge. The Lagrangian is given
by
LN1 = iN1∂/N1 −
(
1
2
N1mN1N
C
1 + h.c.
)
−
(
YνN1φ˜
†lL + h.c.
)
, (26)
where mN1 is the Majorana mass of N1 and Yν is the neutrino Yukawa coupling.
This model belongs to a generic class known as the Type-I seesaw model. This heavy
neutrino will then mix with the active left-handed light neutrinos νm (m = 1, 2, 3) and can
decay via Z, W± or Higgs, according to the Lagrangian
− LN1,int =
g√
2
λ1 N1γ
µPL`W
+
µ +
g
2cw
λ2 ν¯γ
µPLN1Zµ +
1√
2
λ3 νPRN1 h+ h.c. , (27)
where λ1,2,3 are complex numbers in general that depend on the mixing of N1 with the
light active neutrinos and cw is the cosine of the weak mixing angle. λ3 depends also on
the neutrino Yukawa coupling Yν . Such an N1 decay produces a pair of oppositely charged
leptons `± and a light neutrino νm, as can be read off from the diagrams contributing to the
heavy neutrino decay via Z and W+ that are shown in Fig. 8. Here we neglect the Higgs
mediated diagram as it receives a further suppression by two powers of Yukawa couplings.
In case of N1 decays, we expect to have a CP-asymmetry from two sources: difference in
the virtuality of the intermediate resonances due to different outgoing particles and also due
to different masses and widths of the intermediate resonances. In most part of the parameter
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qq
h
ν
N1
µ−
µ+
ν
FIG. 9. Left: Feynman diagram leading to CP-asymmetry in the decay of N1 produced from the
resonantly produced Higgs at LHC. Right: pT distributions of µ
− (yellow) and µ+ (blue) produced
in this process with the overlap in purple.
space, the CP-violation is small because it is suppressed either by the fact that the resonances
cannot be not sufficiently close to on-shell in both diagrams or by the large mass splitting
between the W+ and the Z and their small widths. However, if the mass of N1 is close to the
masses of both the W and Z, there can be a significant CP-asymmetry. The intermediate
particles must be off-shell to get a non-vanishing CP-even phase, but it is advantageous to
have them be off-shell only by a small amount. Thus, we choose mW < mN1 < mZ . The
asymmetry also depends on |λ1,2| as well as the relative phase between λ1 and λ2. Hence to
have maximum CP-asymmetry we choose arg(λ∗1λ2) = ±pi/2. Finally, choosing an N1 mass
of 90 GeV we get
ARFCP = 0.046 . (28)
The asymmetry decreases sharply as we move away from the intermediate particle mass
range. In eq. (28) the couplings are chosen as |λ1| = 0.04, |λ2| = 0.3. Note that since the
external particles are fermions we need to worry about chiral suppression, but it is not very
significant here since the two intermediate particles couple significantly to the left handed
components.
Because of the relatively small widths of the intermediate W and Z particles, the momen-
tum smearing effects at the detectors may have a large impact on the measured asymmetries
in this scenario. Considering the parametrization of transverse momentum smearing as given
in eq. (17), we find that smearing will be smaller than the W and Z widths for pT ∼< 100
GeV, and so we expect negligible smearing effect for a N1 of mass 90 GeV decaying at rest.
The situation becomes much more complicated at a collider when the parent heavy-
neutrino is produced in a high energy collision. Here we consider an example where N1 is
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produced via Higgs decay as shown in the left figure of Fig. 9. Since the Higgs is dominantly
produced as a resonance at LHC, we consider the resonant Higgs production at the leading
order for illustrative purpose. The subsequent decay of the Higgs produces N1. We consider
a Higgs of mass 120 GeV and choose λ3 to be real. The transverse momentum asymmetry,
for the above chosen parameters, becomes
ApTCP = 0.028 , (29)
which shows a suppression by a factor of ∼ 0.6 compared to the ideal asymmetry in eq. (28).
The suppression is solely due to the fact that the parent N1 is not at rest in the transverse
direction. In this example we do not consider the N1 production channels via W or Z, since
there will then be a CP-odd phase in the production as well, and the final asymmetry will
be some combination of the production phase and the decay phase.
Since Higgs is produced resonantly, it has negligible transverse momentum and µ± pro-
duced finally in the N1 decay has pT ∼< 60 GeV, as can be seen from the right plot of Fig. 9.
Smearing effects are thus expected to be negligible, as we have verified using Monte Carlo
generated events.
VI. CONCLUSIONS
In this paper, we have studied in detail CP violating momentum asymmetries arising in
three body decays with the goal of determining their usefulness at the LHC. We concentrated
on cases where one of the final state particles cannot be detected. Our main result is that
lab-frame transverse momentum asymmetries can be constructed that can be used to probe
CP violation.
We have analyzed three different production mechanisms, namely resonant production,
pair production and production in decay. In each case we have identified the relevant trans-
verse momentum asymmetries and studied their robustness in a realistic hadron collider
environment. The present analysis therefore greatly increases the range of models in which
CP violating observables of the sort discussed in [31] can be used. Our results indicate that
there are significant constraints on the domain where these observables are practically useful.
There are however regions of parameters space where they can be large. This is generally
the case when the resonance is wide and the production mechanism does not introduce a
very large transverse boost. More generally, we think of momentum asymmetries as com-
plementary to triple products: the better choice depends on the model and its parameters.
Clearly, we should be ready for any new physics model that nature may impose on us.
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To conclude, new sources of CP violation are generally expected to emerge with new
physics at the TeV scale. Constructing CP-odd observables that allow to experimentally
disentangle them at the LHC is a challenging task. The momentum asymmetries studied
in the present paper provide an alternative route to measure CP violating phases in cases
where well-known observables, such as triple product asymmetries, cannot be constructed.
We therefore expect CP violating momentum asymmetries to be relevant in a wide variety
of new physics scenarios.
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